Abstract In the framework of the single-particle potential model, the root-mean-square radii of s-wave valence proton distributions for P and S isotopes have been systematically calculated. The scaling law of s-wave valence proton distributions is obtained by analyzing the relation between radii and separation energies. Necessary condition for the occurrence of 2s 1/2 -state proton halos is deduced from the scaling law. Quantitative condition derived from this work can to some extent serve as reference for proton halo search.
Introduction
With the development of radioactive nuclear beam techniques, the nuclei far from the β-stability line have been widely studied. Many exotic structures have been observed in unstable nuclei. One of the most amazing discoveries is the neutron halo. Until now, neutron halos have been extensively studied both experimentally and theoretically [1∼6] . It is well-accepted that the formation of neutron halo lies in both the small separation energy of the last few nucleons and their occupation on the orbits with low angular momentum. Compared with neutron halo, researches on proton halo are relatively less. Due to the hindrance effect of the Coulomb barrier, there were rather rare evidences for the existence of proton halo in the past. However, recent works show indications of proton halos in some proton drip-line nuclei, such as 8 B and 17 Ne [7, 8] . The recent progress has encouraged a fairly wide interest in proton halo.
Up to now, a widely accepted definition on halo is still pending. In order to argue the existence of halo, people have to combine the experimental data with theoretical models for extracting the density distribution and nuclear radii. Other data, such as the separation energy and the spin-parity etc., are also needed for the conclusion of halo. It is meaningful to explore quantitative conditions of halo occurrence, which can provide a quick evaluation of possible halo candidates. JENSEN et al.
[9∼11] ever deduced quantitative conditions of halo occurrence from the scaling laws. The scaling laws exhibit universal scaling relations between the radii and the binding energies of the valence nucleons. By using the method proposed by JENSEN et al., quantitative conditions for neutron-halo occurrence were extracted in our previous work [12] . Our previous studies are consistent with the work of LIN et al. [13] , and provide potential reference for the search of neutron halos in light and medium-mass nuclei. In this work, further effort is concentrated on the quantitative condition for proton-halo occurrence.
In the present work, the root-mean-square (rms) radii of s-wave valence proton distributions for P and S isotopes are calculated under the single-particle potential model. By analyzing the relation between the radii and the separation energies, the scaling law of swave valence proton distributions is obtained. According to the definition of halo proposed by HANSEN et al., the necessary condition for the formation of 2s 1/2 -state proton halos is deduced from the scaling law. The condition derived in this work can to some extent serve as reference for proton halo search.
Theoretical framework
As TANIHATA [14] pointed out that a nucleus might be viewed as a valence nucleon coupled to the core nucleus, because the separation energy of the last valence nucleon is small compared with that of the other nucleon. In the present work, the two-body systems are considered in the framework of the single-particle potential model with Woods-Saxon potential. The Woods-Saxon potential has already been extensively used to study the halo nuclei. In our calculations, the configuration of the single-particle state, such as the binding energy, spin, angular momentum, etc., is assigned by the experimental results. The radial wave function of the single-particle state is calculated by numerically solving the following Schrödinger equation,
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In the above equation, U ws (r) is the Woods-Saxon potential [15] ,
where the potential depth V 0 is determined by the binding energy. f (r) is the Woods-Saxon shape function,
with r 0 =1.25 fm, a 0 =0.65 fm, and A c = (A − 1) (A is the mass number of the nucleus). In Eq. (1), the spin-orbit potential takes the standard form [15] ,
where the spin-orbit coupling parameter V so takes the form of V so = (λ/45.2)V 0 with Thomas form factor λ=25 [16] . U C (r) in Eq. (1) is the Coulomb potential for protons based upon the Coulomb potential for a homogeneously charged sphere of radius R = r 0 A 1/3 c . The detailed form of U C (r) can be found in the textbook of nuclear physics [15] . In this work, the rms radius of the valence proton distribution is defined as
where φ cp (r) is the single-particle wave function derived from the Schrödinger Eq. (1). HANSEN et al. [9] ever proposed that a nucleus with its valence nucleon having more than 50% probability of being outside the range of the interaction potential is a halo nucleus. The interaction between valence nucleon and core can be described by the radius of the interaction potential, R cp = r 0 (A 1/3 c + A 1/3 p ), here A c and A p are the mass numbers of the core and valence nucleon, respectively [13] . Therefore, the necessary condition for halo occurrence is r 2 p /R 2 cp > 2 [9] .
Results and discussion
According to the conventional shell model, the valence protons of the nuclei with Z =15 and 16 (Z is the proton number of the nucleus) stay in the 2s 1/2 states. Therefore, the P and S isotopes are studied for extracting the scaling law of s-wave valence proton distributions. The calculated results of P and S isotopes are presented in Tables 1 and 2 , respectively. In these tables, "Mode" represents the coupled mode between the core and valence proton(s). "Level" denotes the occupied level of the valence proton. "S p " (in units of MeV) is the separation energy of the valence proton assigned by the experimental data [17] . " r 2 p 1/2 " (in units of fm) is the calculated rms radius of the valence proton distribution, and "R cp " is the radius of the interaction potential.
Based on the calculated data listed in Tables 1 and  2 , the results of 2s 1/2 -state valence proton, i.e. the relation between r 
According to the halo definition proposed by HANSEN et al. [9] , i.e. the states with r 2 p /R 2 cp > 2 are halo states, the necessary condition for the occurrence of proton halo in 2s 1/2 state is
The above equation indicates that the condition for the occurrence of the 2s 1/2 -state proton halo is very rigorous. The formation of the s-wave proton halo demands a very small value of the separation energy. The 2s 1/2 -state proton halo develops only in the extremely week-bounded state. Our result is consistent with that given by LIN et al. [13] . Although we find no s-wave halo in the calculated nuclei, our results manifest the possibility of the formation of 2s 1/2 -state proton halo. 
Conclusion
In conclusion, the scaling law of s-wave valence proton distributions has been studied. In the framework of the single-particle potential model, the rms radii of 2s 1/2 -state valence proton distributions are systematically calculated for P and S isotopes. The scaling law of valence proton distributions is obtained by analyzing the relation between radii and separation energies. Based on the scaling law, a quantitative condition for the occurrence of 2s 1/2 -state proton halo is extracted. Although the condition is rigorous, the results show the possibilities of the proton-halo formation. The quantitative condition derived from this work can to some extent serve as reference for proton halo search.
